Abstract The purpose of the present study was to gain a better understanding of the relation between ventricular remodeling and heart failure by assessing the adaptation of the heart through time to graded myocardial injury in the presence of a patent coronary circulation. Left ventricular (LV) remodeling is a dynamic response of the heart to injury and a critical component in the development of heart failure. However, most previous studies have been in the presence of an occluded coronary vessel, which may in itself effect remodeling. Male Wistar rats received two subcutaneous injections of either 0, 85, 170, or 340 mg isoproterenol per kilogram of body weight. At 2, 6, and 16 weeks after injection, LV pressure, the pressure-volume relation, and histology were assessed. The graded myocardial necrosis produced in isoproterenol-treated rats was associated with dose-dependent increases in LV end-diastolic pressure, volume indexes, and global diastolic wall stress. In the higher dose groups, the LV continued to enlarge after 2 weeks, resulting in a further reduction in the ratio of LV mass to volume and a persistent rise in diastolic wall stress. These progressive changes in LV structure were associated with an increase in long-term mortality in rats from the intermediate-and high-isoproterenol dose groups. The present study in rats demonstrates that diffuse isoproterenolinduced myocardial necrosis results in a progressive enlargement of the LV cavity that is out of proportion to mass, a finding similar to that observed in discrete myocardial infarction. (Circ Res. 1994; 75:105-113.) Key Words * heart failure * pressure-volume relation . left ventricular volumes * left ventricular wall stress L eft ventricular (LV) remodeling is a dynamic response of the heart to alterations in work load and damage and is a major component in the development of heart failure. The resulting ventricular enlargement has been shown to be an important predictor of mortality in both myocardial infarction' and heart failure2 patients. The process of ventricular remodeling has been studied in humans and many animal models, predominantly in cases with a segmental loss of myocardium through coronary occlusion and resultant myocardial infarction. These studies of discrete damage demonstrated that the initial loss of myocardium can initiate a progressive process of global ventricular enlargement. However, in most of these studies, ventricular remodeling is studied in the context of a compromised coronary artery circulation or ongoing myocardial damage (as in the Syrian hamster cardiomyopathy or viral myocarditis models). The increasing effectiveness of reperfusion therapy and the potential confounding effects of an abnormal blood supply make an understanding of ventricular remodeling in the presence of a patent vasculature essential.
The initial investigations of Rona et al demonstrated that the subcutaneous administration of isoproterenol (ISO) in rats produced graded myocardial necrosis, ranging from patchy subendocardial necrosis to transmural infarction, while maintaining a patent coronary vasculature. Beznak and Hacker4'5 demonstrated that the rat model of ISO-induced myocardial necrosis also resulted in a dose-related reduction in the functional capacity of the heart. We hypothesized that the process of remodeling in a ventricle with diffuse myocardial necrosis and a patent coronary circulation would also be progressive and similar to that observed in one with a discrete myocardial infarction due to coronary artery ligation. Our purpose was to gain a better understanding of the relation between ventricular remodeling and heart failure by assessing the adaptation of the heart through time to remote and graded myocardial injury produced by ISO in the presence of a patent coronary circulation.
Materials and Methods

General
Normotensive 13-to 15- At 2, 6 , and 16 weeks after injection, animals from each of the four dosage groups were randomly selected for study.
LV Pressures and Pressure-Volume Curves
Two, 6, and 16 weeks after completion of the injection protocol, hemodynamic studies were performed by methods previously described in detail.6'7 After ether anesthetic induction, a tracheostomy was performed, and ventilation and anesthesia were maintained by a positive-pressure respirator connected in series to an ether-drip apparatus. The left carotid artery was cannulated with a saline-filled catheter attached to a pressure transducer (Millar Instruments) and advanced into the LV, where measurements of phasic and mean ventricular pressures, including the LV end-diastolic pressure (LVEDP), were obtained under light anesthesia and spontaneous respiration.
A midsternal thoracotomy was then performed by heat cauterization, and the ascending aorta was exposed through blunt dissection. The heart was arrested in diastole with potassium chloride, and a double-lumen catheter was inserted via the aorta into the LV cavity, where it was secured by a ligature around the atrioventricular groove. The right ventricle was incised to eliminate any compressive effects on the LV. Within 10 minutes of cardiac arrest and before the onset of rigor mortis, at least two reproducible pressure-volume curves were generated over a pressure range of 0 to 30 mm Hg by the continuous recording of ventricular pressure during the infusion of saline at a constant rate of 0.74 mL/min. The LV volume was determined at every millimeter of mercury of pressure on the pressure-volume curve and was used to give an index of volumes at in vivo ventricular pressures. Three ventricular pressures were selected to determine LV volumes from these pressurevolume curves: the LVEDP obtained at rest at the beginning of the study was used as an index of the baseline operating volume, and pressures of 5 and 20 mm Hg were used to permit comparisons between ventricles at a common low and high filling pressure, respectively. All volumes were indexed for body weight (in milliliters per kilogram).
The passive pressure-volume relation was analyzed at five pressure ranges with curve-fitting functions. From 0 to 3 mm Hg, the pressure-volume relation was linear, and the curvefitting expression was P=k03 V+b, where P is the measured pressure (in millimeters of mercury), kCo3 is the chamber stiffness constant for this pressure range, and V is the LV chamber volume (in milliliters). Above 3 mm Hg, the pressure-volume relation was exponential, and the curve-fitting function, P=cekV, was used to derive the constants for specific pressure ranges: k330 (3 to 30 mmHg), the overall chamber stiffness constant; k3 10 (3 to 10 mm Hg); k10-20 (10 to 20 mm Hg); and k2030 (20 to 30 mm Hg) . This form of analysis permits the comparison of animals at different times and from different treatment groups. Analysis of global ventricular wall stress was performed by use of volume measurements from the pressurevolume relation and a spherical model for ventricular geometry. Diastolic wall stresses (oJd) were derived from the following formula: crd=P(a /b'-a'), where P=LVEDP (in millimeters of mercury), a is internal radius, measured as (3/4xventricular volume)'/', and b is outer radius, measured as {3/4[ventricular volume+(1.05 mL/gxventricular mass)]}`13. After obtaining the pressure-volume curves, the LV was then fixed at the volume that corresponded to 5 mm Hg distending pressure and immersed in formalin for at least 24 hours.
Pathological Studies
The lungs were examined for thoracic infections, and a general survey of internal organs for areas of necrosis was performed; kidney weights were also obtained. The atria and great vessels were trimmed from the ventricles, the right ventricular free wall was dissected from the LV, and both ventricles were weighed separately. The LV was dehydrated in alcohol, cleared in xylene, and embedded in paraffin; 50-,Lm-17 (mean, 13) (Table 1) , but more important, they were all statistically different from each other (P<.001). The pathology score demonstrated the dose-related graded thick sections were cut serially from base to apex. From 10 to fibrosis produced in these rats: 0.0-t-0.0 (control iroup), versus the control group) for 0-, 85-, 170-, and 340-mg/kg ISO groups, respectively. Because histological resolution of the damage to the myocardium occurred by 2 weeks, there was no evidence for any further increase in this pathology score with respect to time (2 to 16 weeks) within each dosage group (Table 1) .
There were no differences in LV mass among ISO groups by 2 weeks after injection, suggesting that the myocardium lost to necrosis had been fully replaced (Fig 1) . By 6 weeks, there was a tendency for LV mass to increase both by dose and time, a trend that became significant by 16 Although stable over time for control animals, these volumes increased in ISO-treated rats with a significant two-way interaction of time and dose (P=.013, Fig 3A) . A similar analysis of ventricular volumes was performed at 20 mm Hg, a pressure at which the mechanical characteristics of the myocardium are more fully engaged. These volumes also increased in a time-and dose-dependent manner, with a significant two-way interaction (P=.046, Fig 3B) . At 2 weeks after injection, there was already a significant dose effect: the mean ventricular volume at 20 mm Hg distension pressure of the highest dose group was 39% greater than that of the control group (1.65 versus 1.19 mL/kg, respectively). The time-dependent increases in ventricular volume (20 mm Hg) were also remarkable; even though the 85-mg/kg ISO group was relatively stable from 2 to 16 weeks, the 170-and 340-mg/kg ISO groups continued to increase to >20% beyond the abnormal values already present at 2 weeks. This progressive dilatation yielded volumes in the highest dose group that were 67% greater than those in the control group by 16 weeks after injection.
For each animal, an index of in vivo LV operating volume was derived from that LV volume taken from the pressure-volume curve that corresponded to the measured resting LVEDP. These operating volumes are a measure of the combined effects of ventricular distension consequent to an increase in LVEDP and ventricular structural dilatation through time. The LV operating volumes increased dramatically with dose ( Fig 3C) : the 85-mg/kg ISO group had a 73% increase in operating volume over the control group (P<.001) at 2 weeks after injection, whereas the 170-and 340-mg/kg ISO groups had remarkable 166% and 279% increases, respectively (P<.001). In the intermediate-and high-ISO groups, significant progressive increases in operating volume occurred from 2 to 16 weeks after injection despite the lack of change in filling pressure (P<.001).
LV Mass-to-Volume Ratio and Global Diastolic Wall Stress
The ratio of LV mass to volume at a common distension pressure (5 and 20 mm Hg) decreased in both a time-and dose-dependent fashion. This ratio at a low (5 mm Hg) distension pressure (Fig 4A) did not change over time in the control groups but decreased in a dose-dependent fashion among all ISO groups. Although there were no time-dependent changes observed in the 85-mg/kg ISO group, the 170-and 340-mg/kg ISO group demonstrated time-dependent decreases in this ratio of 40% and 27%, respectively, from 2 to 16 weeks after injection. Changes of similar magnitude occurred in the LV mass-to-volume ratios at 20 mm Hg for the 170-and 340-mg/kg ISO groups (Fig 4B) . The ratio of LV mass to operating volume at the resting LVEDP (Fig 4C) demonstrated a clear dose-dependent effect for all ISO groups, as well as time-dependent changes in the intermediate-and high-dose groups, such that the ratio of LV mass to operating volume decreased by 28% through time in the 340-mg/kg ISO group, from 1.65±0.11 g/mL at 2 weeks to 1.19±0.06 g/mL at 16 weeks.
Global diastolic wall stress represents the combined effect of LV hypertrophy, chamber dilatation, and elevated filling pressures in response to the ISO-induced damage. There was a significant exponential relation between LV wall stress and the extent of damage, as assessed by the LV pathology score (Fig 5A) P=.045) and 33% (340-mg/kg ISO group, P<.001) greater at 16 weeks when compared with the already elevated values at 2 weeks after injection.
Mortality
All rats were carefully monitored throughout the duration of study so that assessments of mortality over time within the dosage groups could be made. There were no deaths in the control (0-mg/kg ISO) group. The immediate (24-hour) mortality rate was high for all active doses: 55% in the 85-mg/kg ISO group, 66% in the 170-mg/kg ISO group, and 75% in the 340-mg/kg ISO group. Of the rats surviving to 6 weeks, the interval mortality to 16 weeks was 0% for the control group and 85-mg/kg ISO group but was 16% for the 170-mg/kg ISO group and 32% for the 340-mg/kg ISO group (Fig  6) . The highest dosage group lost a significantly greater percentage of animals after the 6-week study period than did the other groups (P<.001). These immediate and interval deaths yielded overall mortality rates of 55% in the 85-mg/kg ISO group, 70% in the 170-mg/kg ISO group, and 82% in the 340-mg/kg ISO group. Discussion
The present study has demonstrated time-and dosedependent ventricular remodeling in response to remote graded myocardial necrosis in ISO-treated rats despite the presence of a patent coronary circulation and the absence of further myocardial insult. At 2 weeks after injection, dose-dependent myocardial necrosis was associated with commensurate dose-dependent increases in LV filling pressures, myocardial hypertrophy, and ventricular dilation. Subsequent analysis at 6 and 16 weeks after injection showed progressive ventricular enlargement and alterations of the pressure-volume relation in the face of no further pathological damage and an intact coronary vasculature. This progressive ventricular enlargement was associated with increased mortality in the intermediate-and high-dose rats, even when the assessment was started 6 weeks after the injection of ISO.
The rat model of ISO-induced myocardial necrosis has been extensively reviewed,8 although the exact mechanism of action remains unknown. The pathological changes resemble those of myocardial infarction with replacement fibrosis in a generally patchy, subendocardial distribution. Previous studies have shown that this effect is dose dependent9 and results in a deterioration of hemodynamic variables both acutely4 and chronically.5 ISO is rapidly metabolized by the monoamine oxidase and catechol-O-methyltransferase systems, and consequently, this investigation began observations at 2 weeks after the injection of ISO, avoiding any confounding acute effects and ensuring that any subsequent changes reflected the late myocardial response to the initial remote insult.
In the present study, the administration of subcutaneous ISO to rats caused dose-dependent, graded, diffuse myocardial necrosis with resultant dose-dependent increases in LV filling pressure and mass, as well as ventricular chamber enlargement evident at 2 weeks after injection. The LV pathology score increased in discrete increments, with each dose producing damage that was statistically distinct from the others. A pronounced (280%) increase in the operating volume of the high-dose group was noted at 2 weeks, but the 16% increase in LV mass was insufficient to offset this degree of enlargement. Consequently, marked decreases in the LV mass-to-volume ratio and increases in the global diastolic wall stress were already present 2 weeks after ISO injection.
Progressive ventricular remodeling occurred well after the initial insult in the present study, but to minimize any possible effects of acute dilatation, all time-dependent variables were compared with the 2-week study groups. There was pronounced LV enlargement with time-dependent increases in ventricular volumes at common distension pressures, and the pressure-volume relation showed progression of the dose-dependent changes through time, with topographical increases in the capacitance portion of the curves but preservation of the stiffness constants at higher pressures. Progressive dose-dependent decreases in the ventricular stiffness constant over the 0 to 3 mm Hg range occurred, findings consistent with changes in ventricular structure (dilation) independent of ventricular distension. Although LVEDP did not increase beyond the 2-week value, operating volume increased dramatically. The absolute increase in LV mass at later times after injection was far less than that in volume, and consequently, the ratio of LV mass-to-volume continued to decline while global end-diastolic wall stress increased through time. Although it cannot be excluded that the marked increases in wall stress over time are produced by alterations in the strain, the stability of the filling pressure (LVEDP) underscores that the progressive increase in wall stress could not be the consequence of acute distension but rather reflects global LV enlargement. These time-dependent differences could not have been due to an increase in the severity of histological damage, because there were no significant differences in pathology scores with respect to time at 2 weeks and beyond within the dosage groups. However, the global wall stress correlated strongly with the extent of cardiac necrosis, as measured by the pathology score.
The acute mortality from the administration of ISO in the present study compared reasonably well with previously reported10 rates of 10%, 50%, and 90%, respectively, for the 85-, 170-, and 340-mg/kg ISO doses. However, the unstable progressive cycle of ventricular remodeling reported in the present study resulted in an increase in late mortality as well. Since no rats were removed for terminal study between 6 and 16 weeks, an analysis of mortality in rats with chronic congestive heart failure uncomplicated by ongoing ischemia was possible. The animals given higher ISO doses had a significantly greater long-term mortality, which directly correlated with the increased ventricular enlargement, demonstrating that a one-time loss of myocardium is sufficient for a worse prognosis. Thus, in the present study, the myocardial response to graded diffuse injury consisted of an unstable cycle in which progressive ventricular enlargement resulted in an increase in global wall stress and a decrease in the mass-to-volume ratio, which caused further ventricular chamber enlargement and increased late mortality.
These findings are similar to those in the rat model of myocardial infarction, wherein discrete segmental myocardial necrosis is produced by permanent occlusion of the coronary artery. LVEDPs increase rapidly in the course of myocardial infarction, and the increase in the previously with moderate-sized myocardial infarctions.7 Myocyte hypertrophy occurs early (by 3 days) after myocardial infarction, as shown by Anversa and coworkers,"1',2 who found that surviving LV myocytes hypertrophied by 28% with increases in both cell length and diameter. As has been found in the rat with coronary artery ligation,7 ventricular chamber enlargement was directly correlated to myocardial damage in the present study. In humans, many studies have also demonstrated a relation between the extent of myocardial infarction, usually determined by the extent of akinesis and/or dyskinesis, and the degree of ventricular dilatation. [13] [14] [15] Despite the differing etiologies of the myocardial damage (diffuse versus segmental damage), the compliance characteristics of the LV chamber in the ISO-treated rats were also similar to those found in rats with discrete segmental infarctions: a rightward shift in the early capacitance portion (0 to 3 mm Hg) of the pressurevolume curve and a decrease in the overall chamber stiffness constant (3 to 30 mm Hg).
Ventricular enlargement during the first 2 weeks after ISO injection was probably the result of two distinct processes: scar formation and infarct expansion. Infarct expansion is the process of disproportionate thinning and dilation of the acutely infarcted myocardium that begins within the first 24 hours after infarction.16-'8 The thinning of the infarcted segment is due to a combination of a decrease in the number of cells across the wall, myocyte slippage, and, to a lesser extent, cell stretch and a decrease in the intercellular space.19 These structural alterations lead to an increase in the basic capacity (or nondistended volume) of the heart. This pathological process has been demonstrated to occur in the rat model of coronary artery ligation and is suggested in the present study of the ISO-injected rat, as evidenced by the marked increase in LV volume at low distension pressures. Ventricular remodeling also takes place in the noninfarcted myocardium, where myocyte bundle rearrangement is the primary cause of ventricular dilation and wall thinning19 '20 and has been demonstrated on a physiological21 and cellular19 '20 level is not a manifestation of, but rather may have a causal role in, the development of ventricular dysfunction. 24 Thus, in our study, the ventricular remodeling that occurred 2 weeks after the production of myocardial necrosis by ISO was similar to that caused by coronary artery ligation, despite the presence of a patent coronary circulation.
Progressive time-dependent ventricular remodeling has been reported in the rat model of coronary artery ligation with a discrete segmental loss of myocardium21,25 and is reported as well in the present study for ISO-treated rats with graded diffuse myocardial fibrosis. The LV volume indexed for body weight at 20 mm Hg distension pressure for moderate-sized infarcts (30% to 45%) was --2.4 mL/kg at 106 days, which is similar to the value of 2.1 mL/kg found in the present study at 16 weeks in the 340-mg/kg ISO group. This ventricular enlargement in the moderate-sized infarct group was not matched by the increases in heart weight, resulting in a progressive decrease in the ratio of mass to volume through time, with a ratio at 20 mm Hg distension pressure of -1 g/mL at 106 days. In the present study, the ratio for the 340-mg/kg ISO group was 1.07 g/mL at a similar time after the acute insult (16 weeks, or 112 days). Although there were no changes in the chamber stiffness constants from 2.5 to 10 and from 15 to 30 mm Hg on the pressure-volume curve at 26 days in rats with infarcts up to 43 + 1% compared with control rats (except for a decrease in large-sized infarcts [50%]),21 a significant decrease in the overall chamber stiffness constant (from 2.5 to 30 mm Hg) was found in rats with moderate to large infarcts by 106 days, as also observed in the present study. The mechanism of this progressive ventricular enlargement in our study is suggested by the lack of sufficient compensatory myocardial hypertrophy, supporting the hypothesis that it is primarily due to side-to-side slippage of myocardial cellular elements and secondarily due to modest myocyte cell lengthening, or a combination of both. Ventricular enlargement has been noted to portend a poor prognosis in animals26 and in humans, in whom an incremental ventricular enlargement of as little as 25 mL in end systole increased the relative risk of death in an exponential manner.27 Other studies confirm these findings"'17,28'29 that although ventricular dilatation may initially serve to increase cardiac output, it may have long-term detrimental effects-an increase in myocardial mass, wall stress, and myocardial oxygen demand, leading ultimately to an increase in mortality as its penalty.
In conclusion, the present study demonstrates that remote myocardial damage can lead to progressive ventricular remodeling despite the presence of a patent coronary circulation and absence of recurrent insult. The extent of ventricular remodeling was directly related to the extent of remote myocardial injury, providing further support for the importance of infarct limitation in the prevention of subsequent development of heart failure. However, our findings do not reduce the important role that ongoing ischemia or myocardial damage can play in the process of ventricular remodeling, as has been demonstrated in recent studies. 30 The acute damage caused by ISO resulted in marked ventricular enlargement, a decrease in the ratio of LV mass to volume, and an increase in wall stress that progressed also seen in rats from the intermediate-and highisoproterenol dose groups, a finding that correlated with the unstable positive-feedback cycle of ventricular enlargement and increasing wall stress observed in these groups. These changes in response to an initial diffuse loss of myocytes were similar to those reported in animal models and patients with segmental myocardial damage and may represent a common adaptive mechanism of the ventricle to the myocardial damage.
